ABSTRACT: Urban stormwater runoff contains a broad range of pollutants that are transported to natural water systems. A practice known as biological retention (bioretention) has been suggested to manage stormwater runoff from small, developed areas. Bioretention facilities consist of porous soil, a topping layer of hardwood mulch, and a variety of different plant species.
Introduction
Urban stormwater runoff has been identified as a significant source of pollution for many water bodies. Washing off road surfaces, parking areas, vehicles, and building materials, this precipitation and surface runoff contain a broad spectrum of pollutants. Effects on receiving waters include oxygen depletion, eutrophication, species stress, and toxicity. Recent studies of urban and roadway runoff have shown high levels of many pollutants, including suspended solids and heavy metals (Barrett et al., 1998; Sansalone and Buchberger, 1997; and Wu et al., 1998) .
To improve the quality of urban runoff before discharge, some method of treatment is required. A number of structural devices are commercially available for treatment, typically focusing on physical separation processes for suspended solids removal. In developed areas, retention ponds are typically installed for hydrologic control, and several recent studies have documented their effectiveness in water quality improvement. Removals of 80% zinc, 87% iron, and 93% total suspended solids (TSS) from stormwater runoff have been reported by Wu et al. (1996) . A removal efficiency of 100% was obtained for several small storms as a result of total retention of runoff volume. Total Kjeldahl nitrogen (TKN) and total phosphorus (TP) removals up to 45 and 60%, respectively, were reported. Composite yearly pollutant removals from two retention ponds were determined by Borden et al. (1998) .
Annual TSS reductions were 56 and 20%, respectively. Removals were 41 and 40% for TP and 16 and 66% for nitrite ϩ nitrate. Net production of ammonium was noted from one pond, demonstrating the importance of biological transformations.
The concept of using wetlands for pollutant removal has been extended to stormwater runoff where space permits. Long retention times and large surface area in contact with the flowing water can provide for effective removal of particulate matter. Whipple and Randall (1983) indicated that in a retention time of approximately 18 hours, 60% of TSS, lead, and hydrocarbons and 45% of total biochemical oxygen demand (BOD), copper, and phosphates from urban storm runoff were removed. A comprehensive discussion of wetlands treatment is given by Kadlec and Knight (1996) .
A combination natural-engineered system known as biological retention (bioretention) has recently been suggested as a simple but effective strategy to manage stormwater runoff from small (0.1 to 0.8 ha [0.25 to 2 ac]) development areas ( Figure 1 ). Bioretention systems are designed to hold the first-flush runoff from any rainfall event, with a design capability to receive runoff from a storm of several centimeters of rainfall over several hours. The water infiltrating the facility is either allowed to continue for groundwater recharge or collected in subsurface perforated pipes and conveyed to traditional storm drains.
Bioretention facilities consist of layers of soil, mulch, and a variety of plant species as treatment media. The soil typically has a high sand content to provide rapid infiltration but with low levels of silt and clay to promote attenuation of pollutants during the infiltration. The soil is covered with a thin layer of wood mulch to prevent erosion and protect the soil layer from excessive drying. The mulch may also serve as a treatment medium. Some grasses and shrubs are installed in the system to remove water through evapotranspiration and help maintain efficient infiltration. The plant root areas can also promote biological pollutant transformations (Nair et al., 1993) . Plant species chosen for bioretention must be well adapted to the soil and climatic conditions of the area. In addition, these species should have the ability to tolerate urban stresses such as air and water pollutants, variable soil moisture, and ponding fluctuations (DER, 1993) .
Bioretention facilities are an integral part of stormwater management in the Prince George's County (Maryland) low-impact development program. Several systems have been designed and constructed in the county. However, no performance data have been collected on their treatment efficiency; this study represents the initial work in that regard. Detailed investigations of the characteristics and performance of bioretention systems have been performed. The removals of several heavy metals and nutrients from synthetic urban stormwater runoff using bench-top and pilotplant laboratory systems were evaluated. The goals of the study were to assess the roles of the soil and mulch in the removal of these pollutants. The treatment capacities of laboratory bioretention systems were estimated and effects of system design parameters were evaluated under controlled conditions.
Materials and Methods
Soil, Mulch, and Plants. The laboratory systems were constructed and tested to match field conditions as closely as possible. An agricultural topsoil that was used for vegetable production, obtained from Caroline County, Maryland, was used in all experiments. Bioretention design requires a sandy loam soil or a texture near sandy loam. Four grab samples of the soil were collected and analyzed by the Soil Testing Laboratory of the Department of Natural Resources Science, University of Maryland, College Park (University of Delaware, 1995) . The testing results indicate that the soil is a sandy loam (although one analysis classified it as a loamy sand) with a pH of 6.4, cation exchange capacity (CEC) of 2.9 meq/100 g soil, and organic matter content of 0.6% (Table 1) . Shredded hardwood bark mulch and creeping juniper plants were purchased from local nurseries. Samples of the soil and mulch were subjected to a strong acid digestion (Berrow and Stein, 1983) to determine background metal contents. One gram of soil-mulch was mixed with 10 mL of 6 M hydrochloric acid (HCl) in a 100-mL Pyrex beaker and heated to complete dryness. This process was repeated three times. The residue was extracted with 100 mL 0.06 M HCl and filtered, and the filtrate was analyzed for copper, lead, and zinc.
Testing Methods. Concentrations of pollutants for use in laboratory stormwater runoff studies were based on runoff sampling data obtained by Prince George's County (DER, 1993) and other sources. The focus of the present work was on nutrients and heavy metals. Although a wide range of pollutant concentrations has been determined in urban stormwater runoff, values within published ranges were selected as representative, and a synthetic runoff recipe was formulated, as presented in Table 2 .
Batch Sorption Experiments. A portion of the soil was air dried, crushed, and sieved (1.18 mm) to remove stones and sticks. Soil samples (0.2 g) were placed in 125-mL, acid-washed plastic bottles. Mixed solutions of copper (cupric sulfate [CuSO 4 ], Fisher Twelve samples plus one control (no soil) were prepared for each metal mixture. The pH of each sample was adjusted using HCl or sodium hydroxide (NaOH) to cover an initial pH range of 2 to 10. The sample bottles were placed on a reciprocating shaker at medium speed for approximately 14 hours. Afterward, the pH of each sample was measured and recorded. Each soil-water suspension was filtered using a 0.2-m Supor Modified Polysulfone filtration membrane (Gelman Science, Ann Arbor, Michigan), and the first few milliliters were discarded. The filtrate was acidified and analyzed for copper, lead, and zinc. Degree of adsorption was calculated by difference.
Column Studies. Fifteen grams of sieved (1.18 mm) soil were packed in a Plexiglas column (1.9-cm internal diameter), producing a 3.5-cm soil column with a bulk density of 1.5 g/cm 3 . The porosity of the soil was estimated at 0.47, effectively giving a column pore volume of 4.7 cm 3 . The column was capped with rubber stoppers, glass tubing, and a small plug of glass wool. Similar columns were created with mulch, containing 4.5 g each.
Solution containing approximately 80 g/L copper, 30 g/L lead, or 600 g/L zinc in 120 mg/L calcium chloride (CaCl 2 ) was passed upward through a column at a rate of 3 mL/min (1.06 cm/min loading). A fraction collector was used to collect the effluent samples. Approximately 9 L of solution was applied to each column over a 50-hour period. Seventy-five 120-mL samples were collected. In addition, four input samples were taken during the course of experimentation. All were acidified and analyzed for dissolved copper, lead, and zinc.
Pilot Bioretention Systems. Two laboratory-scale bioretention box prototypes were constructed of plywood and coated with an inert waterproof sealant. The small prototype was 107 cm long by 76 cm wide with a depth to hold up to 61 cm of materials, plus a 15-cm freeboard (Figure 2a ). Two sets of perforated polyvinyl chloride (PVC) pipes were installed laterally in this box. The upper set had a diameter of 1.3 cm and was 18 cm below the media surface. The second set contained three 2.2-cm diameter pipes at the bottom of the box. A thin gravel layer (2 to 3 cm) was packed around each pipe. The box was filled with the sandy loam soil, and it was topped with a 2.5-cm layer of mulch. Six creeping juniper plants with branches 13 to 18 cm long were installed in this box. The soil was lightly packed and consolidated 4 to 10 cm during the first few runoff applications.
The large prototype was 305 cm long by 152 cm wide with a depth to hold up to 91 cm of materials, plus a 15-cm freeboard ( Figure 2b ). This box had three sets of perforated PVC laterals. The upper set was 25 cm below the mulch surface, containing two 2.2-cm diameter pipes. Three 2.2-cm diameter laterals placed 56 cm below the surface made up the middle set. The lower set was at the bottom of the box; six pipes with diameters of 3.2 cm were used. Gravel, soil, and mulch were added, the same as the smaller box. Twelve small creeping juniper plants with branches 13 to 18 cm long and 12 large creeping juniper plants with branches up to 38 cm long were placed in the box.
Synthetic stormwater runoff (Table 2 ) was prepared using tap water and required chemicals in 200-L plastic drums and allowed to equilibrate to room temperature. The residual chlorine content of the tap water was measured and eliminated by adding a stoichiometric amount of sodium bisulfite (NaHSO 3 ) (Baker). The use of tap water produced some variability in influent pollutant levels.
The synthetic runoff was applied to each box prototype at 4.1 cm/h for 6 hours using a calibrated Masterflex pump (Cole-Parmer Instrument Company, Chicago, Illinois). This flow rate was based on a 1.5-cm total rainfall event with a 6-hour duration, corresponding to a median annual precipitation event for the Baltimore, Maryland-Washington, D.C. area. With the bioretention area sized at 5% of the drainage area (DER, 1993), a rational method runoff coefficient, c, of 0.8 is assumed to arrive at the design bioretention runoff loading. The total volume of runoff applied during a 6-hour cycle was approximately 200 L for the small prototype and 1000 L for the large system.
At selected time intervals, infiltrated water samples were collected from the lateral ports. The bottom ports were always open, allowing continuous free flow. The upper and middle ports were opened only for sampling; each upper-middle sample used 1.5 to 2 L for flushing and testing. From each experiment, 24 samples were collected in 125-mL polyethylene bottles for metals analysis and 6 in 1000 mL polyethylene bottles for metals and nutrients analysis. After collection, samples were refrigerated until they were analyzed. Three identical experiments each were performed with the boxes, allowing 7 to 20 days between each runoff application for draining and drying. Before the experiments reported here, five tests were performed with the small box and one in the large box with the mulch and soil in place but without the plants. These tests acted to stabilize the prototypes. Additional experiments were also performed under different conditions after the studies reported here.
Postmortem Sampling. To investigate metal retention through the bioretention depth, core soil samples were taken from the entire depth of the small box after 31 synthetic runoff applications. A 1.9-cm inner diameter stainless steel core sampler was used, sampling at three different locations within the box. Each core soil sample was cut carefully into 5-cm fragments and stored in plastic bags. Additionally, three samples of the mulch from the small box were collected. The metal contents of the soil and mulch samples were determined via the strong acid digestion method of Berrow and Stein (1983) , as described above.
Clip samples were taken from the creeping juniper plants before installation, and after installation, these plants were maintained in the small box for 26 runoff applications (excluding the five tests before the plants were installed). Acid digestion of these samples was performed by the Soil Testing Laboratory. The plant tissues were ground and oven dried for more than 12 hours to remove moisture. Dry plant material (0.5 g) was transferred to a 100-mL micro-Kjeldahl flask. Concentrated nitric acid (HNO 3 ) (4 mL) was added, and the mixture was allowed to stand overnight. Four milliliters of 70% perchloric acid (HClO 4 ) were added to the flask. The sample was heated on a micro-Kjeldahl digestion rack (Gorsuch, 1970) . When the digestion was complete, it was quantitatively transferred to a 50-mL volumetric flask and made to volume using 10% HClO 4 . The digestion fluid was analyzed for copper, lead, and zinc in the Environmental Engineering Laboratory, University of Maryland, College Park.
Analytical Methodology. Collected samples were analyzed for copper, lead, and zinc using a PerkinElmer (Norwalk, Connecticut) Model 5100 ZL atomic absorption spectrophotometer (AAS). Before metals analysis, standards and samples were acidified using trace metal grade nitric acid (HNO 3 ) (Fisher Scientific). Copper and lead were analyzed on the furnace module of the AAS. Copper concentrations in the samples were measured against standards of 2 to 20 g/L; lead standards of 2 to 15 g/L were used. Zinc was analyzed by flame AAS using standards of 0.025 to 1 mg/L. The practical quantitation limit for copper and lead was 2 g/L; that for zinc was 25 g/L.
Nitrate analysis was performed using a Dionex (Sunnyvale, California) DX-100 ion chromatograph with an AS-5 column and AG-5 guard. The eluent was 1.2 mM sodium carbonate/2.8 mM sodium bicarbonate (Baker) solution at 1.4 mL/min. Nitrate concentrations were determined against standards of 0.1 to 1.5 mg/L as nitrogen prepared with sodium nitrate (NaNO 3 ) (Fisher Scientific). Ammonium analyses were carried out via ion chromatography using a Dionex CS-12 column/CG-12 guard with 22 mN sulfuric acid (H 2 SO 4 ) (Fisher Scientific) eluent at 0.4 mL/min. The ammonium concentrations were determined against standards of 0.05 to 2 mg/L as nitrogen prepared with ammonium chloride (NH 4 Cl) (Baker). Total Kjeldahl nitrogen and TP were analyzed by Methods 420A (macro-Kjeldahl method) and 424 (phosphorus method) as described in Standard Methods (APHA et al., 1989) .
Results
Batch Experiments. Because soil is assumed to be the primary medium in bioretention facilities for the attenuation of heavy metals from stormwater runoff, batch experiments were conducted to evaluate the potential of the soil for metal sorption. Experimental results indicate that the soil has a high affinity for metals. Figure  3 presents the percent metal adsorbed by the soil from 106 g/L copper, 72 g/L lead, and 600 g/L zinc as a function of pH. Typical metal adsorption profiles are found, that is, increasing adsorption with increasing pH. At pH 7, adsorption was greater than 90% for lead, greater than 80% for copper, and approximately 50 to 70% for zinc. Little adsorption was found below pH 4, and at extremely low pH, some release of copper and zinc was observed. The scatter apparent in the adsorption data results from the nonhomogeneous nature of the soil and the low metal levels used.
The amounts of copper, lead, and zinc adsorbed by the soil at pH 7 were estimated for the three concentrations evaluated (data are not presented for the other two sets). Accordingly, an adsorption density, q (mg metal adsorbed/kg soil), was calculated for each concentration, C (mg/L). For each metal, a simple linear isotherm was assumed:
Linear adsorption coefficients (K) for copper, lead, and zinc were found to be 2500, 4500, and 150 L/kg, respectively, indicating that lead adsorption onto the soil is strongest and zinc the weakest. This adsorption trend agrees with that for metals onto soils with low organic matter and is considered analogous to simple oxides, as suggested by Elliott et al. (1986) , that is, lead Ͼ copper Ͼ zinc Ͼ cadmium. Column Experiments. Column studies were completed to investigate metal retention under dynamic conditions. Input and output levels of the metals, collected as a function of bed volumes, are plotted in Figures 4a through 4c for both soil and mulch. Typically, effluent concentrations stayed low through approxi- mately the first 400 bed volumes (BV) of application. Levels gradually increased, but after 800 BV, copper removal was still 80 to 90% for both media. Because of the low concentrations involved, results for the lead soil column studies are not as smooth as those for copper; the output concentrations fluctuated throughout the study. Soil effluent levels were typically less than 5 g/L for the first 400 BV. Final concentrations for both soil and mulch were 6 to 8 g/L, indicating removals of 71 to 81%. Through 150 BV, the zinc levels were below the quantitation limit (Ͻ25 g/L) giving removals greater than 96%. Gradual breakthroughs began at this point. However, even after 900 BV, approximately 50% zinc reduction was still occurring through the soil. Better removal was found with the mulch, demonstrating a final removal of 74%. The breakthrough tendencies demonstrated by the soil column studies match the strength of adsorption trend found during the batch studies.
The column data were used to estimate the capacities of both media for copper, lead, and zinc sorption under the loadings examined. The amount adsorbed for each metal, q, was calculated as
Where C 0 and C ϭ influent and effluent metal levels, V B ϭ cumulative volume treated at pollution breakthrough, and M ϭ mass of soil or mulch in the column (Table 3) .
Because complete exhaustion was not reached, the calculated capacities do not represent the total metal adsorption capacity, and values for q are presented as a lower limit. Using these capacities and the influent metal concentrations, linear adsorption coefficients (K) for the soil column experiments were calculated using equation 1 (Table 3) . Calculated values of K indicate that in the dynamic column system, when breakthrough had not yet been achieved, the adsorption coefficients of all three metals are nearly the same.
The mulch results suggested metal sorption capacities 2 to 3 times greater than the soil. Metals, especially copper and lead, affiliate strongly with organic matter. The adsorption characteristics of metals onto peat have been found to follow the order lead Ͼ copper Ͼ zinc (Chen et al., 1990) .
Pilot Bioretention Systems. Flow Characteristics. Three runs each were completed on the bioretention box systems. The applied runoff gradually saturated the soil-mulch and then began to pool on the surface approximately 90 to 110 minutes after the application began in the small box and after 2 to 2.5 hours in the large box. The head reached a maximum of 12 to 18 cm in both boxes by the end of the 6-hour experimental period, thus staying below the 20-cm bypass limit and allowing the infiltration of all water. Approximately 40 to 50 minutes after applying the runoff to the small box, flow was observed from the lower ports (from all ports at approximately the same time). Flow from the upper ports occurred approximately 30 minutes later. With the large box, flow was observed from the upper ports within 50 to 60 minutes. For the lower ports, the time to first flow was approximately 2 hours, and for the middle ports, it was 130 to 150 minutes. Infiltration rates were 1 to 2 cm/h in the small box and 0.3 to 0.4 cm/h in the large one. These values are somewhat low for a sandy loam soil. Pooling remained in the large box for approximately 2 days before com- plete infiltration. This would be unacceptable for bioretention application but may be an artifact of the constraints of a box study. The flow rates from the lower and middle ports (when open) ranged from 20 to 35 mL/min. The flow rate from each port differed but was nearly constant over the course of each experiment; it did vary somewhat from experiment to experiment. The two upper ports of the boxes (when open) had approximately equal, high flow rates (100 to 130 mL/min).
Pollutant Removals. A total of 98 effluent samples were taken from the three small box experiments. Thirty-five samples were taken from upper ports, and 63 were from the lower ports. From the three experiments with the large box, 80 effluent samples were taken. All were analyzed for metals. Fifteen were analyzed for phosphorus and the nitrogen compounds.
Typical data for metals, as exemplified by copper results from the first experiment, are presented in Figure 5a for the small box and Figure 5b for the large box. Input copper was typically 80 to 125 g/L, although one value for the large box was unexplainably low. Substantial metal removal was noted from all ports. Effluent copper levels were approximately 10 g/L for upper ports in both boxes but were 5 g/L or less from middle and lower ports. Essentially no variation in effluent copper was found throughout the entire run, which lasted for several days in the case of the large box. Similar results were obtained for the other two experiments. Summary copper results showing mean (Ϯ 1 standard deviation) for the three synthetic stormwater applications on the small box and the large box are presented in Figures 6a and 6b , respectively. Effluent concentrations within a single run and during the course of all three experiments were fairly consistent, especially from the lowest ports. In both systems, reduction in copper concentration was found to be excellent; most of the metal (87 to 95%) was removed by the time the flow reached the upper ports. The reductions were greater than or equal to 93% from the middle and lower ports; no difference was seen between these sets of ports. In several cases, effluent copper levels were below detection limits. All of the data from the three runs are summarized in Table 4 for the two boxes.
Pollutant mass balances were performed in several cases. These calculations demonstrated mass removal percentages exceeding those found from reductions in concentration because a significant amount of the input water was held by the soil and did not drain from the system. This water was eventually lost through evapotranspiration, apparently with all pollutants held by the soil.
Reductions for lead and zinc exceeded those of copper. Effluent lead was Ͻ2 to 16 g/L exiting the upper ports and was nearly always below the detection limit from the middle and lower ports. Zinc percentage removals were similar to those of lead, although input levels were approximately 1 order of magnitude greater. Some residual zinc was detected at the upper ports, although 88 to 93% removal was still noted. Zinc was typically below the detection limit from middle and lower ports, demonstrating reduction greater than 97 to 98%. The mean specific metal removals for copper were 33 mg/m 2 in the small box and 17 mg/m 2 in the large box for each event. Values for lead were 15 and 17 mg/m 2 for the small and large box, respectively. Those for zinc were 145 and 142 mg/m 2 . The nutrient removal characteristics were different from those of the metals, and more experimental variation was noted. Effluent data for nutrients, as exemplified by phosphorus, are presented in Figures 7a and 7b for the small and large boxes. Concentrations were steady over time, but significant differences were noted among the port depths. For the small box, 0 to 25% reduction was observed from the upper ports. However, the effluent values from the lower ports were all less than 0.1 mg/L, demonstrating 70 to 80% reduction. Similar results were seen from the large box studies in which, in the first run, a small decrease in phosphorus is found at the upper ports, but significant and essentially equal removal is noted from the middle and lower ports (approximately 84%).
These results demonstrate the importance of bioretention depth for the removal of phosphorus. Summary phosphorus data are presented in Table 4 . Phosphorus production is noted from the large box upper ports, although one (high) data point biased these results. An unexplained value of 3.4 mg/L phosphorus was found from the final run. The initial two runs showed 0.50 and 0.48 mg/L phosphorus from upper ports, giving a more reasonable average reduction of 7%. Sampling from middle and lower ports of both boxes showed 70 to 80% total phosphorus reduction. Sorption of the phosphorus onto aluminum, iron, and clay minerals in the soil is the likely mechanism of the phosphorus removal (Evangelou, 1998) . Some phosphorus may also precipitate with calcium, aluminum, or iron.
The TKN removal data were similar to those of phosphorus, also showing a significant dependence with depth (Table 4) . Although effluent levels showed 38 to 57% reduction from the upper ports, reductions of 68 to 75% TKN were noted from the middle and lower ports. A fairly wide variation was found in most of the TKN data.
Negligible ammonium removal was found from the top ports of the small box. However, an average reduction of 60% was found from the lower ports. This latter value is supported by the data from the large box, which showed 79% reduction (effluent concentrations approximately 0.5 mg/L nitrogen) from lower ports. Variability in ammonium levels was fairly small. Small box data suggested better removal of TKN than ammonium, but the large box data exhibited the opposite. Both indicated removals of organic nitrogen. Ammonium can be adsorbed onto soil materials through electrostatic and ion exchange interactions. McNevin et al. (1999) noted a high capacity for peat for ammonium adsorption, and some ammonium may be affiliated with the surface mulch layer. Mechanisms of organic nitrogen removal have not been elucidated at this point.
Unfortunately, nitrate data were not available from the small box. From the large box, however, interesting results were obtained. Large increases in nitrate were found in the effluent from the upper and middle ports, at 2 and 3 times, respectively, the input level. The mean effluent level from the bottom ports showed a reduction of 24%. In all cases, the range of effluent concentrations was quite large. Nitrate is apparently formed from other nitrogen sources, possibly during the few hours that it takes for the runoff to pass through the facility. However, a more likely scenario is that ammonium and organic nitrogen captured by the upper portions of the system are biologically transformed to nitrate in the few days between each bioretention experiment. Ammonium affiliated with peat can be rapidly nitrified (McNevin et al., 1999) . Calculating total nitrogen concentrations from the large box (total nitrogen ϭ TKN ϩ nitrate) shows increased total nitrogen exiting the upper ports, no change by the middle ports, but greater than 40% reduction at the bottom of the facility. This biological transformation of captured nitrogen can also be expected to occur in actual bioretention facilities. The possibility exists that nitrates can be flushed from the soil by oxidation of ammonium and organic nitrogen as a result of the soil being removed from its original site. However, no evidence supports this theory. First, after excavation, the soil was exposed to the elements for several days before use in the bioretention studies. Second, five runoff applications to the small box and one to the large box (all with no plants present) were made previous to the present data collection and should have released residual nitrogen. Third, even though nitrate leaching was noticed from upper ports, nitrate reduction was always found in samples taken from the lower ports, and overall, a nitrate flush from the systems was never found. Finally, the small bioretention box was used with 31 total runoff applications (most of the data are not presented here). The ammonium, TKN, and nitrate patterns were similar throughout the entire testing period, suggesting that an initial flush did not occur.
Postmortem Metal Evaluation: Mass Balance. Soil core samples were collected from the total depth of the small box after 31 synthetic runoff applications and compared with background soil levels of copper, lead, and zinc. The results of digestion of selected depth fragments are shown in Table 5 . No variation with core depth was apparent, and comparison with the background soil metal content suggests that no observable metal uptake by the soil took place.
Similarly, three grab samples of mulch were collected after the 31 runs for small box and total metals content determined (Table  5 ). In contrast to the soil, significant metal accumulation on the mulch was found. The metal levels were increased by a factor of 6 for copper, 1.7 for lead, and 17 for zinc. When compared to the soil metal levels, it becomes apparent that significant metal uptake occurred on the mulch and that a 2.5-cm thick mulch layer was sufficient to retain a large portion of the metals. Using a bulk specific gravity of 0.27 for the mulch, the 2.5-cm layer (2 ϫ 10 4 cm 3 ) in the small box had a total mass of 5.5 kg. Thus, using the data of Table 5 , it is calculated that the mulch layer accumulated 110 mg copper, 35 mg lead, and 1500 mg zinc during the 31 experiments. Based on measured inputs and outputs, 540 mg copper, 340 mg lead, and 4400 mg zinc were cumulatively applied to the small box over the 31 runoff applications. Thus, the mulch retention can account for 20% of the added copper, 10% of the lead, and 34% of the zinc. As a result, the water infiltrating through the soil column was "cleaner" and resulted in low affiliation of metal with the soil.
Before and after analyses of plant tissues for metals are also presented in Table 5 . Significant accumulations in the creeping juniper plants were found. The copper increased by a factor of 6.3, lead by a factor of 77, and zinc by a factor of 8.1. A rigorous mass balance was not available because the total plant masses were not determined, but it is estimated that plant tissue accumulation accounted for less than 5% of the added metals. Long-term metal accumulation in plants may ultimately be an issue with respect to plant toxicity and ultimate disposal.
Overall, the bulk of the added metals could not be directly accounted for. However, closing the mass balance by assuming that unaccounted metals are affiliated with the soil produces increases in metal concentrations that may be indistinguishable from background levels (0.5 g/g for copper, 0.4 g/g for lead, and 3.4 g/g for zinc).
Discussion: Bioretention Lifetime
Using the metal uptake information determined from the batch, column, and box prototype studies, estimates of bioretention design life for metals removal can be made. The mass of soil in a bioretention facility is given by
where A and D B are the area and depth of the bioretention soil, respectively, and bulk is the soil bulk density (kg/L). The equilibrium amount of adsorbed metal (qЈ) in this mass of soil is
Assuming local equilibrium, the volume of runoff, V R , containing metal concentration C, that can be treated by this bioretention facility is given by
Runoff volume is estimated simply by using the rational formula, which is equated to equation 5:
Where D R ϭ rainfall depth, c ϭ runoff coefficient, and f ϭ ratio of bioretention area to drainage area.
Thus
Using f ϭ 0.06, bulk ϭ 1.6 kg/L, and c ϭ 0.8, along with the K for zinc from the batch data (the weakest held metal) ϭ 150 L/kg (Table 3) , gives
At an average rainfall of 89 cm/a (DER, 1993) for the BaltimoreWashington area, 4.9 cm bioretention depth is saturated with zinc per year, giving a design life of 19 years for a 92-cm (3-ft) deep facility. The corresponding design lives for copper and lead are more than 10 times longer. Using the zinc K value from the column experimental results (K Ͼ 470 L/kg), equation 7 and the same values for the other parameters give D R /D B Ͼ 56.4 cm rain/cm bioretention depth. Accordingly, a design life of greater than 58 years is calculated for zinc, with slightly greater values found for copper and lead.
For the box studies, the runoff application of 4.1 cm/h over a 6-hour duration produced an applied water depth of 24.6 cm. Using this value with the calculated zinc capacity from the column run gives 2.35 experimental runs/cm bioretention depth. Therefore, for the small box prototype (depth ϭ 61 cm), the breakthrough for zinc is estimated to occur after approximately 143 runs. Only 31 runs were completed; consequently, breakthrough was not found and was not expected. An even longer lifetime was expected from the large box (214 experimental runs).
These analyses ignore metal uptake by the mulch layer, which has been found to be significant, and uptake by plant materials. With the presence of the surface mulch layer, only a fraction of the applied metals will make it to the soil layer, extending the calculated bioretention lifetime. These two additional pathways have not been studied to any significant extent, and both allow some flexibility in managing the long-term fate of metals and nutrients through the periodic addition and removal of these materials.
These latter subjects require more research. Ultimately, management of plants and mulch will depend on the specific goals and siting of a bioretention facility. As suggested by the preceding analysis, metals loadings in urban runoff are typically low, and long bioretention lifetimes are possible. Removal of plant matter by periodically cutting or replacing the mulch layer may extend the lifetime. By performing the removal on a regular basis, the metal levels in the plant biomass and mulch should be low, and standard disposal practices should not be affected. However, in areas with high pollutant loadings, or where pollutants have been permitted to accumulate for several years, disposal presents a more challenging management problem. Another option may be to use bioretention media that render captured metals unavailable biologically.
Summary and Conclusions
Bioretention is performed by a soil-mulch-plant-based facility with potential for the management of urban stormwater runoff. The results of this investigation suggest that bioretention can be an effective urban stormwater treatment practice. Batch, column, and pilot-scale studies have been completed, examining pollutant removal by bioretention components. A synthetic stormwater with pollutant concentrations based on measured levels in urban runoff was used. Experiments of various scale have demonstrated high reductions in copper, lead, and zinc concentrations (Ͼ92%) and moderate reduction for phosphorus (ϳ80%), TKN (65 to 75%), and ammonium (60 to 80%). However, nitrate behavior proved variable, and little removal was found. In some cases, nitrate was released from the facility, apparently as a result of nitrification of previously captured organic nitrogen and ammonium. Studies suggest that the surface mulch layer has a high capacity for removal and binding of metals.
This study provides proof-of-concept for removal of the selected pollutants via bioretention. Because of the strong metal removal characteristics in urban areas where heavy metals are the focus Davis et al. pollutants, shallow bioretention facilities may be recommended. A significant mulch layer can be affixed to enhance metal attenuation.
